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Abstract 
Recent deep space missions utilize the thermal output of the radioisotope plutonium-238 as the fuel in the thermal to 
electrical power system. Since the application of plutonium in its elemental state has several disadvantages, the fuel 
employed in these deep space power systems is typically in the oxide form such as plutonium-238 dioxide 
(238PuO2). As an oxide, the processing of the plutonium dioxide into fuel pellets is performed via “classical” 
ceramic processing unit operations such as sieving of the powder, pressing, sintering, etc.  Modeling of these unit 
operations can be beneficial in the understanding and control of processing parameters with the goal of further 
enhancing the desired characteristics of the 238PuO2 fuel pellets. A finite element model has been used to help 
identify the time-temperature-stress profile within a pellet during a furnace operation taking into account that 
238PuO2 itself has a significant thermal output. Results of the modeling efforts will be discussed. 
PACS: 28/81 
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1. Introduction
 Galileo (launched 1989 to Jupiter), Ulysses (launched 1990 as a Solar orbital), Cassini (launched 
1997 to Saturn), and New Horizons (launched 2006 to Pluto) spacecraft are electrically powered by one 
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or several GPHS-RTGs (General Purpose Heat Source-Radioisotope Thermoelectric Generators).  RTGs 
produce electrical power through the conversion of the decay heat released principally from the 
radioisotope plutonium-238 contained within the GPHS module. Plutonium-238 is employed as it is 
strong alpha emitter with a half-life of ~87.7 years, and SiGe unicouples are utilized in GPHS-RTGs to 
convert the decay heat into electricity energy with a typical thermal to electrical efficiency of ~7%.  SiGe 
unicouples are employed since the surface temperature of the GPHS modules are in the range of ~1000oC.
While future missions are being planned employing either MMRTGs (Multi-Mission Radioisotope 
Thermoelectric Generators) or ASRGs (Advanced Stirling Radioisotope Generators), both newer space 
power systems will also utilize 238PuO2 fuel pellets contained within GPHS modules.   
 Figure 1 presents a cut-away of a model GPHS module which is designed to protect and contain the 
radioactive fuel pellets.  The GPHS module itself is fabricated out Fine Weaved Pierce Fabric (FWPF) 
which is a 3D carbon-carbon composite material.  Each GPHS module contains four fuel pellets (two are 
shown in Figure 1) which typically weigh ~150 grams each for a total fuel load of ~600 grams per 
module.  Each of the 238PuO2 fuel pellets is contained within a welded iridium cladding.  The individual 
fuel pellets have a thermal output of ~62.5 watts, thus each GPHS module provides a thermal output of 
~250Wth.  The GPHS-RTGs employed in the space missions discussed above each contained 18 GPHS 
modules for a total fuel radioisotope loading of ~10.8 kilograms, and a total thermal output of ~4500Wth.
At the beginning of mission, each RTG provides ~310 electrical watts to the spacecraft.  The actual 
thermal output of a particular fuel pellet is a function of several factors including; plutonium-238 
concentration, age of the fuel, density, etc. 
Figure 1.  Cut-away of a model GPHS module showing the placement of two 238PuO2 fuel pellets.  Scale shown in the bottom of the 
figure is in inches. 
 Elemental plutonium is an actinide metal which can react with oxygen and other environmental 
chemical species causing a potential lack of mechanical and/or dimensional stability.  Some very early 
missions did employ elemental 238Pu metal based fuel such as SNAPs 3B and 9A, or a 
238PuO2/molybdenum cermet fuel (Transit Triad satellite).  Almost all of the more recent space missions 
over the last ~thirty years have employed 238PuO2 fuel.    
238PuO2
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 Personnel at Los Alamos National Laboratory (LANL) are responsible for the fabrication and 
production of the fuel pellets for the U.S. Department of Energy.  Since 238PuO2 can be considered a 
ceramic material, LANL employs a number of processing unit operations in the production of the fuel 
(from powder to pellets) for application in nuclear space power systems.  A significant number of the unit 
operations are based on “classical” ceramic processing operations such as; sieving of the powder to obtain 
a desired particle size distribution, hot pressing and sintering to consolidate the powder into pellets, etc.  
Most of these processing operations have to be performed in glove boxes to help limit personnel radiation 
exposures and to reduce the chance of contamination.  This adds a level of complexity in the performance 
of the unit operations by the highly trained personnel.  Because of the inherent increased difficulty in 
actually working in glove boxes, and in order to reduce as much as possible additional personnel radiation 
exposures, it is practical on a first-order basis to try to enhance any of the pellet processing operations via 
modeling whenever possible.  The present modeling focuses on the hot pressing unit operation, which 
results in the initial consolidation of the fuel pellets from the powder.  A quantity of 238PuO2 powder is 
placed within graphite dies and the hot pressing operation is performed at a maximum temperature of 
~1500oC.  Modeling was used to further enhance the understanding of the process by determining the 
effect of various cooling rates on the pellet from the hot press soak temperature.  Modeling results of this 
type can be used to assist in the optimization of the processing with the intent of increasing the overall 
integrity of the fuel pellet. 
2. Model Description 
 The numerical solutions presented below are intended to assess, in a straightforward approach, the 
effect of cooling rate on thermal stresses in a 238PuO2 fuel pellet following the hot pressing process.  The 
thermal boundary conditions are highly simplified, but should be sufficient to provide a quantitative 
assessment of the effect of cooling rate, and of the possible benefits to be achieved by altering the cooling 
rate by various amounts.  We describe three calculations below, including a transient cooling and stress 
analysis, and two steady-state temperature and stress solutions with different idealizations of the 
boundary conditions.  The finite element model is an axisymmetric section of a pellet 12.7 mm (0.50 in.) 
in diameter and 25.4 mm (1.0 in.) in length.  In all cases the bottom surface is assumed insulated.  The 
mesh is 0.5 mm in each direction (Figure 2). 
Figure 2.  Finite element mesh for thermal and stress calculations. 
 Mechanical properties assumed in the calculations, taken from [1], include elastic modulus 
268.4 GPa, Poisson ratio 0.28, and theoretical density 11,458.9 kg/m3.  The actual density used is 
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assumed to be 88 percent of theoretical density, or 10,084 kg/m3.  Thermal and thermo-mechanical 
properties, including specific heat, thermal conductivity, and coefficient of thermal expansion, are defined 
as functions of temperature in reference [2].  A constant volumetric heat generation rate of 5.013 
mW/mm3, which implies a total heat generation rate of 62.5 W for the entire pellet, is assumed in all of 
the solutions. 
 All of the numerical solutions are performed using the ABAQUS finite element code, using a 
coupled temperature-displacement solution.  The coupled analysis is not absolutely necessary, since the 
mechanical behavior has negligible influence on the temperature field, but is convenient for the relatively 
small models used in this study.  The heat transfer and stress solutions are performed simultaneously, 
with instantaneous material properties and free thermal expansion strains derived from the current 
temperature field solution at all times. 
3. Model Results 
 The transient solutions each assume a constant rate of cooling on the exposed surface of the pellet, 
which consists of the sides and top of the piece.  The thermal boundary condition for these comparisons is 
a prescribed temperature, beginning at 1500ºC, and ending at 1000ºC after the prescribed total cooling 
time.  This boundary condition, while highly idealized, provides a useful illustration of the effect of 
cooling the 238PuO2 fuel pellet too quickly.  Thermal stress problems often are difficult to understand 
intuitively; in this instance, application of a high cooling rate, coupled with the significant heat generation 
within the volume of 238PuO2, leads to rather large temperature gradients.  The presence of a strong 
thermal gradient produces high thermal stresses because the requirement for compatibility of the strain 
field prevents each element of material volume from executing the free thermal expansion appropriate for 
its current temperature. 
 Figure 3 shows time histories of the highest tensile stress anywhere in the model, for a series of total 
cooling times.  The total cooling time is indicated next to each curve.  Most of the traces exhibit multiple 
maxima, which actually occur at different points in the model.  Very short cooling times obviously are 
detrimental in terms of the maximum stress attained during cooling, and a point of diminishing returns 
occurs in the neighborhood of 6-10 minutes cooling time.  The maxima from all of the cases examined 
(that is, the maximum stresses at any time during the cooling process) are plotted versus the total cooling 
time in Figure 4. 
 The use of the maximum principal (tensile) stress is just one measure of the severity of the stress 
state.  In assessing the likelihood of crack propagation, which is usually driven by tensile stresses, one 
often looks at the stress intensity factor, which in its simplest form is given by K1 = V(Sa)0.5, in which V is 
the nominal stress acting in the crack opening direction and “a” is a measure of the crack length (often 
half-crack length).  A 100 MPa tensile stress in the presence of a 100-micron crack gives a stress intensity 
of 1.8 MPam0.5, which exceeds the fracture toughness of many ceramics.  The fracture toughness of 
alumina, for example, is approximately 3-5 MPam0.5.  If yielding rather than crack growth were a primary 
concern, one would compare the von Mises effective stress at a point with the yield stress of the material.  
In all of the calculations shown here, the von Mises stresses are similar in magnitude to the maximum 
tension, but the values of these two quantities are slightly different.  Some representative oxide ceramic 
tensile strength values are shown in Table 1.  Actual tensile strength data on 238PuO2 fuel pellets at 
elevated temperatures is extremely limited.  However, the predicted maximum stresses in the 238PuO2
pellet, especially for shorter cooling times, certainly appear high enough to merit further investigation 
based on strength characteristics for other materials with similar structure. 
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Figure 3.  Maximum tensile stress in 238PuO2 pellet versus time for several rates of cooling from 1500ºC to 1000ºC. 
Figure 4.  Peak tensile stress in 238PuO2 pellet during cooling versus total cooling time from 1500ºC to 1000ºC. 
Table 1. Comparison of reported tensile strengths of some common oxide ceramics. 
Material Tensile Strength Reference Notes 
Al2O3 ~234 MPa (MCIC, 1987) Pressed and sintered, ~98% dense, ~1000
oC
ThO2 ~97 MPa (MCIC, 1987) Sintered with ~8% porosity, Temperature not specified 
TiO2 ~103 MPa (MCIC, 1987) Temperature not specified 
UO2 ~124 MPa (MCIC, 1987) Pressed and sintered; 4-pt bend, ~1400
oC
ZrO2 ~83 MPa (MCIC, 1987) ~1200
oC
402  R.A. Brockman et al. / Physics Procedia 20 (2011) 397–403
 For the problem considered herein, the largest temperature gradients will always occur near the 
exposed surfaces, which are much cooler than the volume of the pellet.  The interior of the pellet, which 
experiences the highest temperature, has the greatest tendency to expand, but is constrained by the cooler 
surrounding material.  Therefore, stresses in the interior of the piece typically are highly compressive, 
while the material near the surface sees significant tension.  As a result, the exposed surface is most prone 
to crack formation where flaws or voids exist, while the interior may be more likely to yield in 
compression. 
 Even after the initial cooling phase, significant thermal stresses may exist in the pellet as it 
approaches steady state, simply because of the high rate of internal heat generation.  Two steady-state 
calculations have been carried out, with different assumed boundary conditions, to quantify this 
behaviour.  Figure 5 shows the temperature distribution, maximum tensile stress, and von Mises effective 
stress at steady state, assuming a uniform outward heat flux of 25.46 mW/mm2 on the exposed surfaces of 
the pellet (2454.4 mm2), which just balances the 62.5 W generated by the entire volume of 238PuO2.  Since 
the bottom surface is not exposed, the temperature is highest there, and both the von Mises stress and the 
maximum principal stress are highest near the corner joining the exposed and unexposed surfaces, as one 
would expect.  Figure 6 shows the results of a similar calculation, in which a uniform surface temperature 
of 400qC is assumed; this choice for the surface temperature results in a (non-uniform) flux that also 
balances the steady-state heat generation within the pellet.  Although the details of the temperature 
distribution are noticeably different, the predicted stress distributions are essentially the same. 
Figure 5.  Temperature and stress fields at steady state condition, assuming uniform surface heat flux. 
Figure 6.  Temperature and stress fields at steady state condition, assuming uniform surface temperature. 
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4. Summary 
 First order modeling of the temperature and thermal stress field in a 238PuO2 pellet during cooling 
after the hot pressing operation is presented.  A finite element model of a 238PuO2 pellet has been 
developed using PuO2 mechanical and physical property data available in the literature.  The model has 
been used to estimate the internal stresses within a pellet as a function of cooling rate from ~1500oC to 
1000oC.  This information can be used to determine an optimum cooling rate that minimizes the 
likelihood of internal flaw formation and/or cracking of the pellets during manufacturing. 
5. Conclusions 
 Model predictions indicate that slower cooling rates after hot pressing at ~1500oC are desirable in 
terms of minimizing the likelihood of damage in 238PuO2 fuel pellets after hot pressing.  Thermal stress 
levels increase very rapidly for shorter cooling times.  Even with extended cooling times, the peak stress 
levels and probable stress intensity levels are high enough to warrant further investigation, since reliable 
strength properties for PuO2 are not readily available for comparison.  The steady-state calculations 
suggest that the thermal boundary conditions used in the model, while highly idealized, are sufficient to 
provide reasonable estimates of the thermal stress behavior. 
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